1. The release of ink from the ink gland ofAplysicr cafllf~rnica in response to noxious stimuli is mediated by three electrically coupled motor neurons, L14*, L14R, L14c, whose cell bodies are located in the abdominal ganglion. The initial synaptic input to the ink motor neurons is relatively ineffective in firing the cells. As a result, a pause of l-3 s often occurs before the cells attain their maximum firing frequency and cause the release of ink. Using current and voltageclamp techniques we have analyzed the mechanisms underlying the firing pattern of these cells.
2. The presence of a fast transient K+ current appears to play an important role in mediating the firing pattern of the ink motor neurons. Their high resting potential (-75 mV) ensures that the steady-state level of inactivation of the conductance channels for the fast K+ current will normally be low. Thus a train of EPSPs or a depolarizing current pulse can activate this current maximally , thereby reducing the initial effectiveness of the excitatory input.
3. In addition to the fast transient K+ current, four other currents were identified: 2) a fast transient tetrodotoxin-sensitive inward current, presumed to be carried by Na+; 2) a slower tetrodotoxin-insensitive inward current, presumed to be carried by Ca2+; 3) a slow transient outward tetraethylammonium-(TEA) sensitive current; and 4) a very slow TEA-insensitive outward current.
4. A decreased conductance EPSP, which turns on over a several-second period, contributes to a late acceleration of spike discharge in the L14 cells.
5. The results suggest that a unique combination of biophysical properties of the L14 cells and the features of the synaptic input cause them to act as a low-pass filter in the reflex pathway for inking. Their high resting potential, which ensures minimal inactivation of the fast transient K+ current channel, makes these cells preferentially responsive to strong and long-lasting stimuli. The delayed recruitment of a decreased conductance EPSP augments the tendency of the L14 cells to fire in an accelerating burst pattern. INTRODUCTION It has recently become possible to analyze the cellular basis of behavior in a variety of vertebrate and invertebrate preparations. Such studies have established causal relationships between the activity of individual neurons and specific behaviors and behavioral modifications. Progress in this area has been paralleled by significant advances in the understanding of the ionic mechanisms underlying the electrical activity of neurons. Few attempts, however, have been made to relate specific ionic mechanisms directly to specific behavioral characteristics. In the previous paper Shapiro et al. (46) analyzed some of the features of inking behavior. The purpose of the present paper is an initial attempt to understand some of the features of this simple behavior in terms of the biophysical properties of its motor neurons.
While a natural stimulus that elicits inking behavior has not been identified, previ- ous studies (9) on inking behavior have utilized electric shocks to the head to study the features of the behavior in response to noxious stimuli. For inking behavior to occur these stimuli must be strong and have a long duration (9, 46). Mild or moderate tactile stimuli sufficient to produce gill and siphon withdrawal fail to produce inking (9, w The entire behavior is mediated by three electrically coupled ink gland motor neurons known as L14*, L14s, and L14c, located in the abdominal ganglion (9). There is a good correspondence between the properties of the L14 cells and the characteristics of inking behavior. The L14 cells are silent, have a high threshold, and little spontaneous synaptic input. Electrical stimulation of the pleurovisceral (pleuroabdominal) connectives produces large excitatory postsynaptic potentials (EPSPs) and an accelerating burst of spikes in the L14 cells, but the initial postsynaptic potentials (PSPs) in a train are relatively ineffective in firing the cells compared to PSPs that occur later in the train (10, 46). Thus there is often a several-second pause or silent period before maximum firing is achieved. The release of ink from the ink gland is a graded function of the number of spikes in the L14 cells (9, 46), but the pause and accelerating burst property of these cells have the result that, except for very strong stimuli, only longlasting stimuli elicit the full response.
K . __
In this paper we utilize intracellular stimulation and voltage-clamp techniques to examine the extent to which the voltage-dependent ionic conductance mechanisms and synaptic influences of the L14 cells contribute to the preburst pause and the subsequent acceleration of spike activity. Preliminary reports of some of these previ ously appeared (6, 8, 45) .
results have METHODS 
Preparation
Experiments were performed on the marine mollusk Aplysia californica supplied by Pacific Bio-Marine Laboratories, Venice, CA. Animals weighing loo-250 g were used. The abdominal ganglion was removed and pinned out on the flat surface of an experimental chamber with a Sylgard (Dow Corning) floor.
To avoid contractions of the connective tissue during solution changes and drug additions, the ganglion was bathed in a 0.5% solution of glutaraldehyde in artificial seawater (ASW) for 45 s (39). The ionic currents described in this paper seemed to be unaffected by this procedure. The sheath covering the left ventral surface of the ganglion was then removed to uncover the L14 cells. To activate the L14 cells synaptically, both the left and right pleurovisceral (pleuroabdominal) connectives were drawn into suction electrodes and 4-to 5-s trains of voltage pulses (1.5-3 ms duration at 6 Hz) were passed between the suction electrodes and a separate return electrode placed in the bath (Fig. 1) . In most experiments bath temperature was regulated between Voltage-clamp circuit and experimental preparation. Desheathed abdominal ganglion is pinned ventral side up on the Sylgard (Dow Corning) floor of experiment chamber (10 ml volume). The left and right connectives are drawn into suction electrodes for stimulation by voltage pulses from a stimulus isolation unit (SW). Each cell was impaled with two electrodes, one for recording and the other for current stimulation. Amplifiers A 1,2,3,4 are for clamp circuit, while A, is used for monitoring current (see text for further details).
14 and 16°C by a thermoelectric cooling unit placed under the experimental chamber. In some cases the temperature was reduced to 5--7OC to observe the kinetics of the early inward current. The preparation was normally perfused with artificial seawater (Instant Ocean) maintained at pH 7.6 by 10 mM Tris buffer.
Microelectrodes were filled with 2 M potassium citrate. They initially had resistances of lo-15 Ma and tip diameters of less than 1 ,um and were beveled to a resistance of 2-4 Ma and tip diameters of approximately 3 ,um. Each cell was impaled with two electrodes, one for recording and the other for current injection. Normal resting potentials varied between -60 and -80 mV. Data were not collected from cells where the resting potential fell below -60 mV or where there was more than a 5-mV change in potential when the second electrode penetrated the cell. Figure 1 illustrates the voltage-clamp apparatus and experimental setup. Signals from the recording microelectrode are fed to a unity-gain FET input amplifier stage (A,). To reduce artifacts from the stimulating electrode a foil shield is placed around the recording electrode and connected to the output of the input amplifier.
In some cases a similar shield was placed around the current electrode and connected to ground. The unity-gain output is fed to differential amplifier A., where the actual membrane potential, V,, is compared to the desired level (command input). An error signal is produced at the output of A, and is amplified by amplifiers A:, and A,. Amplifiers AZ and A3 (A:, gain potentiometer = 100 kfi) are low-voltage integrated-circuit operational amplifiers (Analog Devices type AD 504), while A, is a high-voltage operational amplifier (Analog Devices AD 171K) capable of delivering up to 2100 V. The feedback loop is completed by closing switch S. The gain and output level controls were adjusted in each experiment for optimal transient response. Current is monitored with amplifier A, (Analog Devices AD 5 11 B). The value of the filter capacitance (C) varied for different experimental situations but was usually set at about 200 pF. Voltage and current traces were recorded on an FM tape recorder (Hewlett Packard 3960A) at a speed of **%6
or 3% inches/s and displayed on a Gould pen recorder (440 or 2400). In some cases the taped waveforms were played back into a PDPll computer (Digital Equipment Corp.) for analysis. Clamp waveforms were sampled every 15 ms and stored on digital magnetic tape for later computation of averages and subtractions.
Voltuge-clamp terminology
The membrane-potential changes produced in an excitable membrane as a result of an applied depolarization are due to the combined action of capacitive, leakage, and active currents. The capacitive current refers to the current that charges the membrane capacitance and is equal to C (dV/dt), where C is the membrane capacitance and V the membrane potential. The leakage current refers to the current flowing through passive or membrane-potential independent ionic conductance channels, while the active currents refer to current flow through a number of additional membrane conductance channels whose conductance varies as a function of the membrane potential. Thus in order to determine the currents that underlie a neuron's firing pattern, it is necessary to isolate each of these various currents. For such an analysis the voltage-clamp technique can be utilized (e.g., Ref. 29) .
The experimental advantages of the voltage clamp are twofold. First it allows one to separate capacitive from ionic currents. Since the membrane potential is held constant, capacitive current only flows with the application of the voltage-clamp command. Thereafter no capacitive current will flow because dV/dt (the rate of membrane-potential change) is zero. Thus the rapid currents that are observed with the initiation and termination of the voltage-clamp pulses utilized in these experiments are due to capacitive current. In some illustrations the capacitive currents are not clearly discernible due to the low-frequency response of the pen recorder. The second advantage of the voltage-clamp technique is that in holding the membrane potential constant, it prevents secondary changes in membrane potential that would be produced as a result of voltage-dependent changes in membrane conductance in the unclamped cell. Small voltage-clamp pulses in either the hyperpolarizing or depolarizing direction produce in addition to the capacitive current, a constant ionic current referred to as the leakage current. This current is presumably due to the ionic flow across the voltage-independent conductance channels. For the L14 cells this current appears to be linear for small perturbations from the resting potential. As the cell is depolarized beyond about -45 mV the voltage-dependent currents, in addition to the leakage and capacitive currents, begin to be activated. The strategy for their identification is given below.
Pharmacologic techniques
The ink gland motor neurons have at least five separate voltage-dependent ionic conductance mechanisms. These include a rapid transient Na+ inward current, a slower CaZ+ inward current, a fast transient K+ outward current, a slower (delayed) transient K+ outward current, and an ultraslow noninactivating outward current. With the exception of the ultraslow outward current, each of the various currents could be blocked using specific pharmacologic agents. Tetrodotoxin (TTX) was utilized to block the fast transi-BYRNE, SHAPIRO, DIERINGER, AND KOESTER ent Na+ current, CoCl, to block the slow CaZ+ current, low concentrations (40-80 mM) of tetraethylammonium (TEA) to block the delayed transient outward current, and either high concentrations of TEA or 4-aminopyridine (4-AP) to block the fast transient outward current. Concentrated volumes of these substances were directly titrated into the experimental chamber containing a known volume of artificial seawater until the desired degree of block was obtained. In addition, in some experiments (e.g., Fig. 10 ) designed to examine the ionic basis of the slow inward current, a Na+-free solution of the following composition was used (mM): sucrose, 582; KCI, 10; MgCl*, 55; CaCl,, 11; and Tris, 10. In order to block Ca"+ current 30 mM CoCl, was added to this Na+-free medium and CaZs was reduced to 1 mM.
In some experiments the delayed and fast transient outward currents were isolated by computer subtraction.
The general strategy was to first deliver a series of voltage-clamp commands from resting level (approximately -75 mV) to various membrane depolarizations in steps of 10 mV. For small depolarizations only passive or leakage currents were observed. Depolarizations more positive than approximately -45 mV activated the leakage and fast transient outward currents, whereas depolarizations more positive than -30 to -20 mV also activated the delayed outward current. For depolarizations in the range of -30 to -15 mV, it was generally possible to distinguish the fast and delayed components on the basis of differences in their kinetics (e.g., Figs. 5A, 6A ,). The delayed outward current was then blocked with low concentrations of TEA, and the clamp series was repeated. The fast transient outward current was then blocked with either a high concentration of TEA or low concentration of 4-AP, and the clamp series again repeated.
The isolated fast transient outward current was obtained by subtracting the fast K+-blocked currents from the unblocked responses. For this technique to be accurate, however, the low concentration of TEA used to block the delayed outward current must not also attenuate the fast transient current. This situation could only rarely be achieved because of an apparent overlap in the dose-response relationships of TEA for the two KS channels (see also Ref. 49). As a result the computer-subtracted fast transient currents were scaled to correct for the attenuation.
The scale factor was obtained by observing the peak outward current at small depolarizations, where we could be confident that only the fast KS current was activated. By subtracting the leakage current from this value, an independent measure of the peak fast K+ current was obtained. The pharmacologicallv isolated fast KS current obtained by computer subtraction at these small depolarizations were then scaled to match this value obtained by the nonpharmacological measure. The remainder of the pharmacologically isolated fast transient K+ currents obtained at more depolarized levels were then scaled by the same amount. Finally the isolated delayed outward currents were found by subtracting the sum of the corrected fast K+ currents and the currents recorded with both fast KS and delayed outward currents blocked from the original clamp series obtained in the absence of any TEA.
RESULTS
Membrune potentiul und current chunges produced by synaptic input
The release of ink produced by delivering a noxious stimulus to the head of an intact animal can be mimicked by electrical stimulation of the connectives from the head to the abdominal ganglion in an isolated ganglion and ink gland preparation (9, 46). Figure 2A illustrates the activity of one of the L14 ink motor neurons under such circumstances. There is an initial several-second-long silent period or pause. The termination of the silent period is marked by an accelerating burst of spike activity in the motor neuron. When the stimulus is terminated, a high rate of spontaneous PSPs is observed for about 30 s (11). In order to determine to what extent the firing pattern of the ink motor neurons may be due to their voltage-dependent ionic conductance mechanisms or to the characteristics of their synaptic input, we used intracellular stimulation and voltage-clamp techniques to examine the cells' responses under a variety of experimental situations.
We first examined the synaptic current underlying the membrane-potential changes to determine the relative contribution of preand postsynaptic phenomena to the preburst pause and accelerating burst. Figure 2B illustrates the synaptic current obtained when the cell is clamped at resting level and driven with an identical stimulus as used for the unclamped cell. The rapid downward deflections occurring at a rate of 6 Hz are stimulus artifacts. There is a large initial slow surge of synaptic current, which then decreases, reaching a minimum at about 1 s after the start of the stimulus train. This decrease is followed by a steady increase, which continues throughout the duration of IN There is an initial increase in synaptic current followed by a decrease, which reaches a minimum value at about 1 s. This in turn is followed by a steady increase in synaptic current, which continues throughout the duration of the stimulus train.
the stimulus train. By comparing the responses in parts A and B, however, it appears that the initial PSPs are relatively ineffective in firing the cell compared to the PSPs later in the train. Note that the initial synaptic current is considerably higher than current later in the train. Nevertheless, the initial current elicits no spikes in the unclamped cell, whereas current later in the train produces an accelerating burst of activity. The initial current transient could be ineffective in firing the cell if it were being filtered by the membrane capacitance. This possibility seems unlikely, however, since the time constant of the L14 neurons is short (20 ms) compared to the duration of the current transient ( Fig. 2B ; see below). These experiments and those of Carew and Kandel (lo), therefore, indicate that at least some of the cells' selective response to long-lasting stimuli may be in part due to the properties of their postsynaptic membranes. To analyze these mechanisms further under more controlled situations, we roughly simulated the synaptic input by 5-s intracellular step current pulses.
Potential changes produced by intracellular depolarizing pulses Figure 3A , illustrates the response of the cell in Fig. 2 to a step intracellular current pulse. There is a rapid depolarization followed by a slow several-second rise, which terminates in a burst of spikes. Higher stimulus intensities shorten the pause and increase the spike frequency, but a characteristic feature of the ink motor neurons is that the preburst pause is always longer than the interspike interval. The silent period or pause preceding the burst of spikes is typical of all L14 cells examined with constant-current pulses, but an accelerating burst of spikes is only rarely observed. The failure to observe an accelerating burst after the pause may be due to the inability of the 5-s depolarizing pulse delivered to one cell to mimic precisely the effect of synaptic input arriving synchronously in all three of the coupled cells. Alternatively, it may indicate that the acceleration is due to some feature of the synaptic input (see below). That the pause is simply due to passive capacitive properties of the membrane is unlikely since the membrane time constant is small (20 ms) compared to the slow time course of the potential change during the pause. In addition, immediately after a small depolarizing prepulse, the slow rise and pause observed with the test pulse is eliminated and spikes are elicited immediately (Fig. 3A,) . These data suggest that the pause during synaptic input may be-due at least in part to the biophysical properties of the L14 motor neurons.
We next examined these cells under voltage-clamp conditions in order to determine what ionic currents might underlie the observed potential changes.
Contribution oj'u jirst trunsient outwurd current to deluyed burst
In Fig. 3B , the cell is clamped to an identical potential as the final steady-state level achieved by the step depolarization in Fig.  3A 1. There is a fast transient outward current whose inactivation kinetics roughly parallel the time course of the membranepotential changes in the constant-current experiment (Fig. 3A *) . Since the data of Fig.  3A , were obtained using a current-clamp pulse and the data of Fig. 3B , obtained using a voltage-clamp pulse, one would not expect a one-for-one correspondence between the rise of the membrane-potential changes (Fig. 3A,) and the decay of the outward current (Fig. 323,) . Nevertheless, the rough parallel between the two time courses indicates that there may be a casual relationship between the two processes. In addition, when the conductance channels are inactivated by a 5 s prepulse (Fig. 3B,) , the fast transient outward current is eliminated. This corresponds to the elimination of the preburst pause when a depolarizing prepulse is given with a current pulse (Fig.  3A2) . The failure to observe an initial rapid inward current in Fig. 3B , is probably due to the low-frequency response of the pen recorder and the relatively large magnitude of the fast transient outward current.
As pointed out by Carew and Kandel (lo), the L14 motor neurons are unique in that their resting potentials are about 20-30 mV more hyperpolarized than the typical value for Aplysiu gill, siphon, and heart motor neurons. This ensures that the steady-state level of inactivation of the conductance channels for the fast outward current will normally be low (see below, and unpublished observations).
Thus, a train of EPSPs or a depolarizing current pulse can activate this current quite effectively, thereby counteracting the initial effectiveness of the excitatory input. A fast transient outward current has also been shown to modulate the efficacy of synaptic input in Helix (16). The fast transient outward current triggered by a voltage pulse to the region of spike threshold would cancel out a significant fraction of the inward synaptic current that is required to trigger a burst of spikes (cf. Figs. 2B and 3BJ.
If the fast transient outward current were making a large contribution to the preburst pause, one would expect that pharmacologic agents that selectively block the fast transient current would also eliminate the preburst pause. Figure 4 illustrates a test of this hypothesis. In part A a depolarizing current pulse results in an initial rapid potential change, but there is a 500-ms delay before a burst of spikes is produced.
In Fig. 4C the cell is voltaged clamped to the same final level achieved in the current-clamped case and a large fast transient outward current is produced. This current, which appears to be carried by K+ ions, can be blocked rather selectively by the addition to the bath of 5 mM 4-aminopyridine (4-AP) (Fig. 40 ), which has previously been shown to block a similar current in Tritoniu (49). The relative specificity of the block of this current by 4-AP and its rapid kinetics (see below) further suggest that the outward transient obtained in part C is primarily due to the fast transient K+ current. The current that remains after the 4-AP block consists of the leakage and capacitive currents and prob- IN ably small contributions from the delayed outward and slow inward currents (see-below). As indicated in Fig. 4B , the addition of 5 mM 4-AP also abolishes the characteristic preburst pause seen in L14 motor neurons. These results lend support to the idea that the preburst pause is caused by the activation of the fast transient outward K+ current. While the addition of 4-AP eliminates the pause, it also reduces the maximum firing frequency of the cell (cf. Fig. 4A and B). There are two possible explanations for this effect on the firing frequency. With the fast transient current blocked, individual action potentials are larger. This in turn might further enhance the spike-activated delayed outward current (see below) and prolong the interspike interval. In addition, 4-AP has been shown to slow the activation kinetics of delayed outward currents (38, 50; Fig. 5 ). Thus one would expect any delayed outward current activated during a spike to decay relatively slowly following the spike and, therefore, to prolong the interspike interval.
Additional identi'ed ionic currents
In addition to the fast transient outward current described above, voltage-clamp experiments on the L14 cells revealed that they have at least four other ionic conductance mechanisms similar to those described in Aplysia to -20 mV; 4) a very slow TEA-insensitive noninactivating outward current with a threshold of about -30 mV; and 5) a slow TTX-insensitive inward current presumably mediated by Ca"+ with a threshold of about -35 to -30 mV.
The features of the TTX-sensitive inward current were not analyzed in detail in the present study but appear similar to the inward sodium current originally described by Hodgkin and Huxley (29) and later found in a wide variety of other invertebrate and vertebrate neurons (for review see Ref. 28 ). When a cell is depolarized beyond -30 to -25 mV, there is an initial capacitive current followed by a rapid inward component, which then decays and converts to an outward current. Most if not all of this current is abolished by adding TTX to the bathing solution. In addition, it is also blocked in Na+-free solutions, indicating that this current is primarily carried by Na+ ions. To examine the fast transient and delayed out ward currents, w 'e usually blocked the fast inward current with TTX and clamped the cell from resting level to various depolarized levels. With small depolarizing steps from resting level (-75 mV) up to -45 mV, only leakage currents are observed. But larger steps (beyond -45 mV) begin to activate the fast transient outward current.
As the clamp voltage increases beyond -30 to -20 mV, a second later and slower outward current is also observed and as the potential is stepped still further, the fast outward current begins to be masked by the larger and longer delayed outward current (see Figs. 5A, 6A,) . Both the fast and the delayed outward currents appear to be carried by potassium ions. They are reduced by raising the external K+ concentration (preliminary observations), and can be blocked by TEA and 4-AP, drugs that have been shown to block K+ conductance channels in other preparations (2, 13, 28,34, 38,42,44,48-50).
They show different sensitivities to these two drugs; the fast current is more sensitive to 4-AP (Fig. 5) , while the delayed current is more sensitive to TEA (Fig. 6A) ; 2.5-5 mM 4-AP causes nearly complete blockage of the fast K+ current but only a partial reduction of the delayed K+ current (Fig. 5) . Consistent with the actions of 4-AP on delayed outward currents in other preparations (38, 50), Fig. 5B illustrates that the time to peak of the delayed current is prolonged by 4-AP.
4-AP, however, appears to have no effect on the time course of the fast transient outward current. At higher concentrations TEA also blocks the fast transient current (Fig. 6&) . The fast and the slow outward K+ currents thus appear to correspond to the fast transient outward (or A) currents and to delayed rectification, respectively, which have been described in nerve and muscle cells from a variety of other species (4,5,12-14,19,26,27,29,30,34,40,41,49).
In addition to the pharmacologic and threshold activation differences the fast transient and delayed outward currents can also be distinguished using other criteria. For example, the activation of the fast transient current is rapid compared to the delayed outward current (Figs. 5, 6, 8) voltage dependency (see below and Fig. 8) .
Finally, the fast transient outward current is activated and inactivated at less depolarized levels than is the delayed outward current.
ULTRASLOW OUTWARD CURRENT.
In addition to the fast transient and delayed outward currents described above, we also observed an additional ultraslow, noninactivating outward current (Fig. 7) . In Fig. 7 the membrane potential is stepped from a resting level of -65 mV to a depolarized level of -15 mV for 30 s. With the clamp onset, there is an activation of the fast transient outward current and a small, barely detectable delayed outward current, which is followed by a very slow, noninactivating outward current with an exponential rise. That this current represents the activation of an outward current and not the slow inactivation of an inward current is illustrated by the slow exponential outward tail current observed with membrane repolarization. The ultraslow outward current in the L14 cells is not reduced when external TEA is raised as high as 150 mM. We have not examined whether yet higher concentrations of TEA block this current.
A slight slow outward current appears to be present in Fig. 6B , when the fast K+ current is blocked with 325mM
TEA. The relatively short duration of the stimulus pulse and the fact that the resting level was -75 mV, however, do not permit one to distinguish between the activation of the ultraslow outward current and the inactivation of the slow inward current (see below). In order to examine the magnitude and kinetics of fast transient and delayed outward currents, it is necessary to isolate them so they are not contaminated by other voltage-dependent and leakage currents. The general strategy utilized was to first block the delayed outward current with low concentrations of TEA and then block the fast transient outward current with either high concentrations of TEA or low concentrations of 4-AP. The isolated currents were then obtained by computer subtraction (see METHODS) . A typical result from one such experiment where the fast transient current was isolated using a high concentration of TEA (325 mM) is illustrated in Fig. 8A , while a series of isolated delayed outward currents from the same experiment is illustrated in part B. The activation and decay time constants for the delayed outward current appear highly voltage dependent with time constants decreasing with increasing clamp levels (Fig. 8B) . In contrast, the activation and decay time constants of the fast transient outward current (Fig. 8A) showed only a slight voltage dependence, which was small compared to that of delayed rectification.
The decay of the delayed outward current may be due to an inactivation process (29) or, alternatively, the buildup of potassium on the outside surface of the membrane (17, 20). A buildup of potassium on the outside surface of the membrane would shift the equilibrium potential to less-negative values, but since no inward tail currents are observed when repolarizing to the holding level (-75 mV) after a 5-s step depolarization (Fig.  8B) strutted current-voltage (I-V) plots, which illustrate the threshold and relative magnitudes of the peaks of the two transient outward K+ currents. Figure 9 illustrates the I-V plot of the data from Fig. 8 . In addition to the striking differences in kinetics, the relative magnitude of the fast transient and delayed outward currents vary as a function of clamp level. Thus, at depolarized levels of membrane potential (-40 to -30 mV) where the preburst pause is observed in the synaptically driven cell, the fast transient outward current is activated to a greater degree than the delayed current (see also Figs. 3B,, 4C, 5A, and 6A,), indicating that the role of delayed rectification in mediating the pause and accelerating burst tendency is small. By contrast, the early potassium current appears to make significant contributions to the delay in burst onset.
In experiments where the delayed outward current was blocked with TEA and the fast inward current blocked by TTX or Na+-free solutions, we observed long-duration action potentials in response to constant-current depolarizations (Fig. 10Az, B,) . Such longduration action potentials are blocked by reducing extracellular CaZ+ or by adding 30 mM Co'+ (Fig. IO&) . These results suggested the presence of an additional inward current mediated by Ca2+, which also contributes to the spike-generating mechanism. The presence of such a current was confirmed with voltage-clamp experiments. When the inward Na+ current and the delayed and fast transient outward currents were pharmacologically blocked, we observed an inward-going current (Fig. 1 IA) , which was about 10 times slower than the fast TTX-sensitive inward current described above. In addition to being TTX insensitive, this slow inward current is not blocked in Na+-free ASW. It is, however, reduced in solutions of lowered extracellular Ca"' and blocked by Co'+ (23). In Fig. 11 ward current in part B is greater than in part A, yet there was no increase in the leakage current between the two trials, indicating that the slow inward current may not completely inactivate at these levels of depolarization. We have not examined whether there is a causal relationship between the slow inward current and the ultraslow TEAinsensitive outward current (e.g., Ref. 37).
The initial activation of the slow inwardgoing current in Fig. 1 IA appears qualitatively similar to the initial inactivation phase of the fast transient outward current described above. However several lines of evidence suggest that these are different processes. First, the fast transient outward current can still be recorded in solutions where the slow inward current is blocked with Co? Second, it is clear that a subtraction of the response in Fig. 11B from Fig. 1 IA would yield a net inward current. Indeed in some cases a net inward current is demonstrated directly by utilizing the protocol of Slow TTX-insensitive inward current in L 14 cells. A : after blocking the fast transient current with 5 mM 4-AP, delayed outward current with 40 mM TEA, and fast inward current with 12.5 x 10 r, g/ml of TTX, a step depolarization from a holding potential of -60 mV to a value of +20 mV is delivered.
There is an initial rapid outward component approaching the extrapolated leakage current, which is followed by a slow transient inward-going current. B: after adding 25 mM Co"' to the bathing solution, an identical pulse is delivered and the slow inward-going current is abolished. Fig. 1 IA. Third, when the membrane potential is depolarized to threshold for the fast K+ current and the fast K+ current then blocked by known K' -blocking agents, little or no evidence of a slow inward component is observed (Figs. 40, 6& ). With large depolarizations, however, one would expect the activation of the slow inward current to contaminate the inactivation of the fast transient K+ current and, for this reason, the subtraction experiments of the type illustrated in Fig. 8 were performed.
In the previous paper (46) we showed that the release of ink is selectively sensitive to long-duration stimuli. In contrast, defensive gill withdrawal appeared to be selectively sensitive to short stimuli. If the features of inking behavior are due to specialized ionic conductance mechanisms in the ink motor cells, one might expect that such conductance mechanisms would not normally contribute to the firing pattern of gill motor neurons. We therefore performed a series of experiments to test this hypothesis. Normally gill motor neuron L7 has a resting potential of about -45 mV, which is a typical value for most of the gill, siphon, and heart motor neurons in the abdominal ganglion. If constant-current pulses are injected into L7, spikes can be elicited with essentially no pause. At this resting potential the BYRNE, SHAPIRO, DIERINGER, AND KOESTER fast transient outward current seen in the L14 cells would be partly inactivated. If cell L7 is hyperpolarized to a -75-mV resting level in either a constant-current or a voltage-clamp mode, some of the properties of the L14 motor neurons can be mimicked. Starting from this hyperpolarized level a constant-current pulse elicits spikes only after a pause, whereas in the voltage-clamp mode a transient fast outward current is activated (Fig. 12A) . As in the L14 cells, both the pause and the fast transient outward current can be abolished by either a prepulse (Fig. 12B) or by the addition of 5 mM 4-AP (Fig. 12C) . Thus, hyperpolarizing L7 to the same resting potential as recorded in the L 14 cells results in a qualitative change in the properties of L7 so that its firing pattern more closely resembles that of L 14 cells. However, this resemblance is not complete: the time course and the shape of the pauses recorded in L7 and L14 are different, and even when L7 is hyperpolarized to -75 mV, trains of synaptic input recruited in L7 by connective stimulation cannot mimic the response seen in cell L14 to synaptic input.
The results of the comparison of L7 with the L14 cells suggest that the fast transient outward current may not be sufficient to explain the bursting pattern of the L14 cells in response to synaptic input, especially with regard to the tendency for late spike acceleration in the L14 cells. There are at least three possible mechanisms for the differences between these two cell types: I) different properties of the electrically excitable membranes,
2) the effects of electrical coupling on the L14 cells, or 3) some difference in the properties of the synaptic input to the two cell types.
We cannot rule out the first possibility because the individual ionic currents, especially in L7, have not been analyzed in great detail. The effect of electrical coupling on the L14 cells does not appear to be very great. This was examined by functionally uncoupling one of the three L14 cells from the network. The uncoupling is effected by recording from one L14 cell and using the membrane potential of that cell for the command potential to drive one of the other two cells, which was voltage clamped. The I J-l--I loading effects of the voltage-clamped cell on the first cell are eliminated in this way, and the two cells are effectively uncoupled (24). When this experiment was done and the cells excited by a train of EPSPs triggered by connective stimulation, there was essentially no difference in the firing pattern of the unclamped cell whether or not the second cell was coupled.
The third possible cause of the difference between the L7 and L14 firing patterns, a difference in the synaptic input, was investigated in the experiments presented in the next section.
Role of synaptic input in L14 firing pattern When a 3-to 5-s train (6 Hz) of stimuli is delivered to the connectives, the initial synaptic input is ineffective in firing the cell compared to the synaptic input later in the train (Fig. 2, Fig. 10 (11) concluded that a buildup of synaptic input was not necessary to cause the spike acceleration seen in the L14 cells during a 3-s train of EPSPs generated by connective stimulation. However, as they pointed out, this is difficult to show conclusively using their technique of constant-current injection to keep the PSPs below spike threshold. This is especially true since they found that a slow-decrease K+ conductance EPSP is often (and perhaps always) among the synaptic inputs recruited by connective stimulation. Such a PSP would be decreased rather than increased by hyperpolarization.
Using voltage-clamp techniques we attempted to assess the frequency of occurrence of such a conductance-decrease EPSP during stimulation of the connectives. In one set of experiments, input-resistance measurements were made on a voltageclamped L14 cell during driven suprathreshold synaptic input. An L14 cell was clamped at resting potential and the connectives stimulated at 6 Hz with 1 S-2.0 ms duration pulses and the synaptic current was monitored. Before, during, and after synaptic stimulation, small hyperpolarizing pulses of 5-10 mV and 100-200 ms duration were imposed on the clamped L14 cell at 4-8 Hz. The resultant current pulses were used to calculate the input resistance of the cell. In order to prevent effects of "beating" due to interaction of synaptic stimulation pulse trains and intracellular voltage pulse trains, 5-l 0 runs were performed on each cell with the phases of the two train s varied randomly. Input resistance values were summed over 0.25-or 0.5-s intervals. Figure 13A shows the results of these experiments.
Values from six cells are averaged. As can be seen, membrane input resistance rises slightly during prolonged stimulation after Inking in Aplysia offers a simple case in which one can examine how the differentiation of specific biophysical properties of neurons that mediate a behavior can be critical in determining the temporal patterning of the behavior. Our results show that a significant portion of the insensitivity of inking behavior to brief stimuli arises from the tendency of the L14 motor neurons to show a l-to 2-s pause before firing in response to a constant depolarizing stimulus. This long "utilization time" is the result of a unique combination of two membrane properties possessed by the L14 cells: I) a relatively large fast transient KS conductance, and 2) a high resting membrane potential that ensures a low level of steady-state inactivation of this conductance (see also Ref. 10 ). In addition to the biophysical properties of the motor neurons, the features of their synaptic input also contribute to the firing pattern of the cells. A slow buildup of a decreased conductance synaptic input facilitates a late accelerating burst of action potentials.
Contribution offast K+ current to features of inking behavior
One interesting result that emerges from this analysis is that a fast transient K+ current appears to make a significant contribution to the cell's selective response to longlasting stimuli. Fast K+ currents have been previously described in a variety of gastropods, including Apfysia (14, 19, 26, 3 1, 34, 36, 41,49). It is believed that these currents play an important role in regulating repetitive firing behavior in neurons by slowing the rate of rise of the voltage trajectory during the interspike interval (15). But as pointed out by Daut (16), this current may also modulate a cell's initial response to synaptic input. This role seems to be especially important in the L14 ink motor cells. The high resting potential of these cells ensures that the steady-state inactivation of the fast potassium current is minimal (6; unpublished observations).
Thus a train of synaptic input can activate this current maximally.
This activation tends to shunt the excitatory input and delay the cells from reaching their firing level. The early potassium current can be considered to act as a braking mechanism to ensure that only strong stimuli of relatively long duration initiate firing in the L14 cells and lead to the release of ink.
The slowing of the rise toward spike threshold found in the L14 cells appears to be a widespread phenomenon (15, 16, 25, 35) . Such a mechanism may be generally important in building delays into neural networks that underlie different behaviors in a variety of species. The effect would be maximized in cells that have high resting potentials like the ink motor neurons but would be minimized in cells with lower membrane potentials (e.g., gill motor neuron L7) because of steady-state inactivation of the fast transient K+ current.
The contribution of the early potassium current to the late acceleration of the L14 burst is presently less clear. The time course of the late acceleration appears to be too slow to be accounted for by inactivation of the fast K+ current. Alternatively, a synaptic mechanism (see below) may be important, such as the slow buildup of the decreased K+ conductance EPSP. This type of PSP should be more effective in triggering spikes than an increased conductance PSP of the same amplitude because it reduces the shunt of the electrically excitable conductance channels. This second possibility is supported by the fact that the acceleration is triggered much more effectively by synaptic input than by intracellular depolarization (cf. Figs. 2A and 3A 1 ).
Contribution of delayed and ultraslo w outward currents
As illustrated by Figs. 3B,, 4C, 5A, 6, 7, 8, and 9, the fast transient outward current is activated at membrane depolarizations more positive than approximately -45 mV, while the delayed outward current is activated with depolarizations more positive than approximately -30 mV. Since the preburst pause occurs between -40 and -30 mV the major outward current contributing to the preburst pause is the fast K+ current. In some cases the delayed outward current may be partially activated in this range and may also contribute to a small extent to the pause. However at these levels of threshold depolarizations we never observed a case where the contribution of the delayed outward current was greater than that of the fast K+ current. Indeed it was always sig-BYRNE, SHAPIRO, DIERINGER, AND KOESTER nificantly less. With larger depolarizations, however, the contribution of the delayed outward current dramatically increases (Figs.  5A, 6A, 8,9 ), becoming significantly greater than the fast K+ current. This current is, therefore, certainly activated by action potentials and would thus tend to return the membrane potential rapidly to resting levels. The role of the delayed K+ current therefore appears similar to the delayed outward currents observed in a wide variety of other excitable membranes (for review see Ref. 28) .
The ultraslow outward current probably makes little contribution to the preburst pause. Its activation kinetics are slow and during the interval of the pause, the relative magnitude of the current is small compared to the early and delayed outward currents. An accelerating burst is always obtained when the L14 cells are synaptically activated (e.g., Fig. 2A ). But when a 5-s depolarizing current pulse is delivered, one typically observes a pause of several seconds followed by a burst of several spikes (Fig. 3A,) , which usually shows spike-frequency adaptation. Termination of the burst is followed by a small slow increase in membrane potential (Figs. 3A 1 and 4A ). This burst adaptation and increase in membrane potential are probably in part a result of the ultraslow outward current. The 5-s synaptically activated bursts shown in this paper do not adapt, presumably due to the underlying progressive increase in synaptic current (Fig. 2B) . A similar slow outward current that underlies spike-frequency adaptation has also been described in Dovid neurons (43). The charge carrier mediating the ink motor cell ultraslow outward current is presently unknown.
The fast TTX-sensitive current is undoubtedly responsible for generating action potentials in the L14 neurons. Its threshold, activation, and inactivation kinetics roughly follow that of an evoked action potential. The fast inward current appears to be mediated by Na+ ions. It is selectively blocked by TTX and by reducing extracellular Na+. While we have not performed a detailed kinetic analysis of this current, it appears similar to the sodium inward current described in a number of vertebrate and invertebrate neurons including cell R2 of Aplysicc (22). For review see Ref. 28 .
The TTX-insensitive inward current, which is presumed to be mediated by Ca"+ ions, is similar to currents described by others in gastropod neurons (1, 18, 22, 23, 33, 47) ; see also Refs. 3 and 32. The functional role of the slow inward current remains obscure. One possibility is that the slow inward current is linked to the activation of an increased K+ conductance (37).
Synaptic input
While the fast transient K+ current appears to play an important role in mediating the selective response of the ink motor cells to long-duration stimuli, the features of the synaptic input appear to contribute to the late accelerating burst of action potentials, which lead to the release of ink. The synaptic conductance is at first high, but over a several-second period there is a decrease in conductance, which can, depending on stimulus intensity, actually reduce the net membrane conductance to values less than resting levels ( Fig. 13A ; see also Ref. 11 ). In addition to the decreased membrane conductance, which would tend to make excitatory input more effective in driving the cells, there appears to be a net increase in synaptic current over the period of the train (Fig. 2B) . Thus there are at least two possibly related synaptic mechanisms contributing to driving the cell in its accelerating burst.
The total sequence of events underlying the firing pattern of the ink motor cells appears to be as follows.
Initially there is a large surge of increased conductance synaptic input, which rapidly depolarizes the cell. This depolarization activates the voltagedependent fast KS current, which then shunts the initial synaptic input reducing its effectiveness in driving the cell to threshold. Over a several-second period there is a simultaneous inactivation of the fast K+ current and a buildup of synaptic input. Eventually spike threshold is reached. A further concommitant increase in membrane resistance and synaptic input drives the cells in an accelerating burst of spikes, which leads to the subsequent release of ink from the ink gland. A mathematical formulation and computer simulation of the ink motor neuron ionic conductance mechanisms has re-cently been developed and preliminary results indicate that the sequence of events outlined above can indeed quantitatively account for the ink motor neuron firing pattern (Ref. 7; unpublished observations).
Functional differentiation of neurons Our results lend support to the notion that, in addition to specific patterns of synaptic connections, the specific biophysical properties of individual neurons are important in determining the patterning of behavior. It is interesting that apparent homologues of the five time-and voltage-dependent membrane conductances described in the L14 cells have all been found in a variety of other neurons in Aplysia as well as in other species (above, and unpublished observations).
The only conductance pathway so far described in other Aplysia neurons that was not found in the L14 cells is the inward rectifier that is responsible for anomalous
rectification.
Yet the cells in Aplysiu ganglia show an extremely wide range of spontaneous and driven firing patterns (21). Thus a more extensive survey of Aplysicr, as well as other species, may show
